Matrix
In QFD, each customer desire is given a value. Quality characteristics are defined through brainstorming to generate an affinity diagram. After forming a tree diagram of the chosen quality characteristics, those at the lowest level are placed on the axis of a matrix.
The customer desires are placed on the other axis. Each quality characteristic is compared with each customer desire to determine if there is no correlation (value = 0). a weak correlation (value = 1). a moderate correlation (value = 3 ) , or a strong correlation (value = 5 (Japan) or 9 (America)). The dot product of the customer desire values and the correlations for a specific quality characteristic provide a value for that quality characteristic. This may be interpreted as the value of a quality characteristic for a specific customer desire valuation. Mathematically speaking, the vector of values of customer desire is transformed to a vector of values for quality characteristics using the c u s t o m e r desire/quality c h a r a c t e r i s t i c correlation matrix. The same process is used to identify functions, correlate them with customer desires, and transform customer desire values to function values using the customer desire/ function correlation matrix.
Quality characteristics and functions can be ranked in terms of transformed customer value to determine which are the most important. This can be used for task prioritization. If resources are constrained, then most priority can be given to those with the highest customer value.
Since QFD was developed to design quality into small systems such as car doors and rear view mirrors, it has historically not been applied to large systems.
Application to large systems requires tailoring [9] . For example, the concept of "part" must be extended to "subsystem". It is also more meaningful to view QFD as a process to define a system which must meet demanded quality. This is a subtle but important distinction. It leads to the definition of functions prior to the definition of quality characteristics and to the definition of quality characteristics in relation to functions which must be accomplished.
Going beyond QFD, the product of the function value, the quality characteristic value, a n d t h e f u n c t i o n / q u a l i t y c h a r a c t e r i s t i c correlation value can be used to prioritize requirement variables.
In keeping with the American system engineering process, as in Figure 2 , functions are allocated to systems 1121. This can also be viewed as the allocation of requirements to subsystems in that a subsystem must meet a set of requirements. Note that each requirement variable is a measurable attribute for which a correlation exists between the function and the quality characteristic.
It is, thus, on the A2 plane that measurable quantities exist.
If these variables can be related through equations, they provide a parametric behavioral description of the product.
As illustrated by Figure 3 , customer desire values can also be transformed to new concept values through the customer desirelnew concept correlation matrix and to failure mode values through the c u s t o m e r desire/failure mode correlation matrix.
Concept trades can be performed as illustrated by Our first application of QFD was to a proposed Lunar Rover. It uncovered the need to track demands from specific customers. The result, Figure 5 , was a matrix of customers versus customer demands which could be iterated as the customer environment changed.
Because a large system within NASA has many customers, often with conflicting desires, we found the need to value each customer with respect to the need for the project to satisfy their desires. This quantifies customer political power. Because customer desires often conflict with the goals and needs of the project. we found the need to value each customer demand with respect to the goals of the project. The final value for a customer demand becomes the value to the project of the customer demand times the dot product of the value of the customer and the correlation between the customer and the customer demand. Large projects have a large number of customer demands, functions, and quality characteristics.
We found it necessary to threshold these based on transformed customer value. Choosing only the highest valued customer demands facilitates early system definition by reducing the time required to correlate each customer demand with each function and each quality characteristic.
The thresholds can be lowered as the project proceeds to enable more of the system information base.
Decreasing the customer demand threshold can generate a minor reordering of the ranking of functions, quality characteristics, and requirements.
Since we were using linked spreadsheets, we found it cumbersome to use the symbolic notations of correlation associated with QFD.
We went directly to a numeric format.
CONCURRENT ENGINEERING
For large systems, expertise across many fields is required to define and rank the customer demands. functions, quality characteristics. systems, new concepts, failure modes, and associated correlation matrices.
Thus, the need for concurrent engineering emerges.
Concurrent engineering is a systematic approach to the integrated, concurrent design of products and their related processes, including manufacture and support. This approach is intended to cause the developers, from the outset, to consider all elements of the product life cycle from conception through disposal, including quality, cost, schedule, and user requirements [14].
A dimensionality not included within QFD, but which is related to it, is that of the project or life cycle functions required to implement the system functions in the system. Figure 6 illustrates this. For each system, the life cycle or project functions are staffed with appropriate disciplines over time to operate on the phases of the project.
Conceptual design of the support phase conceptualizes the support concept; design of the support phase finalizes this concept; development of the support phase provides a prototype support system; test and evaluation evaluates the prototype support system; production of the support phase provides the final support system; operation of the support system is Because of the wide range of expertise required for large systems, it becomes evident that generalists are more desirable than specialists. Too many people in the room at one time become both uneconomical and unmanageable.
This also leads to the need to decentralize by decomposing the system into meaningful subgroupings with low interaction.
Fortunately, the geometric nature of QFD is a natural medium in which to perform that decomposition and manage the interaction.
ROBUST DESIGN
Robust design was developed by Taguchi [15] . It uses design of experiments to obtain a near optimal parameter setting for a subsystem with respect to specified quality characteristics such as reliability [16] .
The functionlquality characteristic plane contains measurable variables which are logical choices as either parameters or objectives for the robust design process.
As was QFD. robust design was developed for application to small subsystems and components during the design phase. Recent applications have demonstrated that it is equally applicable at the system level during the conceptual design phase for large systems [17-181.
It is. thus, a natural complement to QFD in the design of large systems.
Activities the source a natural The cost Figure 8 COST MEASUREMENT associated with project functions are of the cost of the system. This leads to cost structure illustrated by Figure 7 .
categories may be defined as desired. intersects the more recent concept of activity based costing, the cost of the activities of the project functions, with the MIL STD 881 type of end item oriented subsystem work breakdown structure [191. ( System, Function, Phase, Cost Category, Time, Parametric Data ) 
CONCLUSIONS
With minor modifications, QFD is a system engineering process which can be applied to large systems. It can be extended to a project structure which also includes customers, project functions, project phases, project resource utilization, and other dimensions.
Concurrent engineering is a natural component of the QFD process for large systems. The limited experience to date indicates that this form of extended QFD is an intensive group mental activity which is an excellent thought tool for defining complex systems. The observation that designing is largely defining indicates that QFD is a natural tool for the design process. Using linked spreadsheets to record results provides a powerful project knowledgebase which can be used for "what if", risk, and project sensitivity analyses. 
